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Abstract. The properties of fly ashes vary because of the differences in the properties of their
individual particles, and the determination of variation in these properties is of interest to the industries
which use pulverized raw fly ash in applications, such as in cementitious materials and in the recovery
of certain rare elements from raw fly ash. To investigate the differences in individual particles, four
pulverized raw fly ashes from thermal power plants of the Czech Republic were used in this research. It
was observed from FE-SEM that all four fly ashes consist of glassy hollow spherical, solid spherical,
porous spherical, bright spherical, porous slaggy and compact slaggy particles. Box and whisker
diagrams were plotted from the data of EDX individual particle analyses, which showed that the data
of percentages for the Si, Al, and Fe elements is more scattered as compared to other elements. It
was further observed from ternary phase diagrams and pseudo coloured images, that nature of fly ash
particles changes from alumino silicate glassy to alumino silicate calcite metallic to pure ferro-metallic,
where glassy particles showed high percentages and pure calcite particles were absent in fly ashes.
Furthermore, a comparison between the XRF, the EDX total area analyses, showed that the EDX
individual particle analysis gives more realistic and reliable data with median, mean, and the standard
deviation for percentages of each element present in the fly ashes.
Keywords: fly ash; FE-SEM; EDX; analyses; glassy; metallic.
1. Introduction
Coal fly ash is a by-product of burning pulverized coal
in coal-fired thermal power plants [1]. Around 750
million tonnes of fly ash are generated annually [2]
but the global fly ash utilization is still 25%, therefore
a significant part of fly ash is being disposed into
landfills [3]. Coal accounted for 39% of the total world
electricity generation in 2002, followed by gas 19%,
nuclear 17%, hydro 16%, oil 7%, and renewables
2%, while it is estimated that in 2030 the world’s
total electricity generation from coal will be 38%,
gas 30%, hydro 13%, nuclear 9%, renewables 6%,
and oil 4% [4]. Over 4 billion tonnes of coal are
currently produced per year in the world, and the
number is estimated to grow to 7 billion by 2030 [4, 5].
Estimates show that there are 869 billion tonnes of
coal reserves in the world, half of which consist of
brown coal. Based on current production rates, they
would last around 115 years, which is significantly
longer than the world’s gas and oil reserves would
last [6]. Forecasts have shown that in the next two
decades coal will continue to be the primary source
of energy as it has been in the last hundred years [7].
So fly ash will continue to be deposited in landfills
for at least the next two decades if solutions for its
re-utilization are not found.
The chemical composition of fly ashes is usually
measured with the help of XRF analyses which give
the average values of chemical composition and es-
timate that coal fly ash typically contains a high
percentage of elements such as Si, Al, Ca, and Fe
in it and relatively low percentages of heavy metals
such as Cu, Zn, Pb, Hg with some rare earth ele-
ments [8, 9]. However, some elements in fly ash are
more concentrated in certain particles than in the
others and variation of chemical composition exists
in fly ash particles. Therefore, the morphology of
individual fly ash particles has a considerable effect
on the overall chemical composition of the fly ash [10].
Morphologically, fly ash is composed of inorganics
and incompletely combusted and/or non-combustible
ingredients of spherical, hollow spherical, porous, an-
gular, irregular or slaggy shapes [11, 12]. The high
burnout temperatures achieved during the combustion
process in conventional coal power stations strongly
influence the morphology and chemical composition
of fly ash [13]. In coal-fired boilers at furnace operat-
ing temperature, the coal particles may oxidize, fuse,
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decompose, agglomerate, or disintegrate depending
on the melting point of the elements in them [14, 15].
However, elements with a high melting point remain
unchanged during combustion, and sudden cooling
after high temperatures results in the formation of
spherical particles. Therefore, heating and cooling
during the combustion process have a significant ef-
fect on the composition and morphology of fly ash
particles [16]. The particle size of fly ash depends on
factors such as the pre-combustion diameter of coal
particles, or the distribution of mineral content in
particles of coal [17].
The properties of fly ash depend significantly on the
type and origin of the coal, and the factors affecting
the properties of coal are connected to the formation
factors of coal, which include the type of vegetation
from which the coal was formed, the depths in which
the coal was buried, the temperature and pressure at
those depths, and the period of time for which the
coal has been deposited at those depths [18, 19]. Vic-
torian brown coal (lignite) from Australia was found
to contain up to 70% of water, which shows that
brown coal can contain significant amounts of water,
which is present in the pores of the coal particles,
and when pulverized coal is spontaneously combusted,
water escapes the particles of the coal. This process
develops pores in the fly ash particles, which highly
affects the morphology of fly ash [20, 21]. Therefore
coal upgradation technologies are employed to remove
a significant amount of water prior to the combustion
of brown coal.
Usually, significant variations in the properties of
fly ashes are observed because of different morpho-
logical shapes and varying chemical composition of
their individual particles. The first objective of this
research is to investigate different types of individual
fly ash particles present in fly ashes and their influ-
ence in varying the overall physical and morphological
properties of fly ashes. Then, by using FE-SEM EDX
individual particle analyses, the nature of these in-
dividual particles is determined by plotting ternary
phase diagrams and transforming grey scale FE-SEM
images to pseudo-coloured images to calculate the
percentages of the nature of different kinds of individ-
ual particles present in fly ashes. Furthermore, XRF
analyses only give the average values of chemical com-
position, which lacks the details about the variation
in chemical composition present in fly ashes due to
their individual particles. Determining the variation
in chemical composition is of interest to the industries
which use pulverized raw fly ash in applications such
as in cementitious materials in which silica containing
particles are desired for pozzolanic reaction and cal-
cium containing particles are desired for self-cementing
properties. Moreover, the investigation of variation of
chemical properties is desired by the industries which
use fly ashes for recovery of rare earth elements such
as mercury, which can be economically recovered from
fly ashes if determined to be present in fly ashes in
significant amounts. Moreover, the interest for the
recovery of other elements from fly ashes, such as iron
and aluminium, is growing, due to the low price of fly
ash, which leads to economical recovery of these ele-
ments. The feasibility of recovery of elements can only
be determined if the variation of chemical composition
in fly ashes is known. Therefore, the second objective
of this research is to use FE-SEM EDX individual
particle analyses to develop statistical data for each
element present in fly ashes. Then from statistical
data to draw box and whisker plots for each element
present in fly ashes to investigate the scattered na-
ture of the data of percentages of elements present
in fly ashes by which the spread of data around the
median percentages of each individual element can be
determined. The third objective of this research is to
compare the data obtained by XRF, EDX total area,
and EDX individual particle analyses to determine
which method out of these three methods is more re-
alistic and gives a detailed estimation of the chemical
composition of fly ashes for the purpose of reliability.
2. Material and methods
2.1. Materials and physical properties
Pulverized brown coal fly ashes from the Ledvice
thermal power plant, which is using coal deposits
of Moravia, the Dětmarovice thermal power plant us-
ing coal deposits of Ostrava, the Počerady and Mělník
thermal power plants using coal deposits of North
and West Bohemia of the Czech Republic, and for
comparison of physical properties, EN 197-1, CEM
I 42.5 R cement were used in this research. Particle
size analyses of fly ashes and cement were carried
out on Fritsch Analysette 22, a laser particle size
analyser, using its dry and wet dispersion unit. The
density of fly ashes and cement were determined using
a Helium Pycnometer, Pycnomatic ATC. For density
measurements, 100 grams of powdered samples were
oven dried at a temperature of 105 °C for 12 hours
to ensure the removal of moisture from the samples,
which could possibly affect the density measurements.
2.2. FE-SEM, EDX analyses
A field emission electron microscope (FE-SEM), Mer-
lin Carl Zeiss (Germany), was used to capture the
images of the specimens while operated at accelera-
tion voltage of 30 kV, under high vacuum conditions.
To determine the chemical composition AZtecEnergy
EDX software from Oxford Instruments was used on
the images of FE-SEM. The chemical composition
of entire specimens was carried out using total area
EDX analyses. On the other hand, in EDX individ-
ual particle analyses, fifty randomly selected points
and small areas were chosen in each FE-SEM image
of fly ash to determine the chemical composition of
thirty one elements known to be present in the fly ash
samples for which analyses were carried out in the
AztecEnergy software. Microscopic samples were pre-
pared with 1:3 solution of Araldite 2020/A epoxy resin
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Figure 1. Comparison of cumulative particle size distribution of cement, and fly ashes from Počerady, Mělník,
Ledvice, and Dětmarovice.
Physical properties Cement Počerady Mělník Detmarovice Ledvice
Median diameter, d50 (µm) 14.57 51.07 41.69 35.67 58.86
97th percentile diameter, d97 (µm) 46.96 178.94 129.42 147.28 190.55
Span, d90 − d10 (µm) 29.74 115.12 84.03 96.73 124.69
d90/d10 7.17 7.34 7.69 14.06 8.56
Cu = D60/D10 3.66 3.42 4.02 6.18 4.36
Cc = D230/(D60D10) 1.08 1.05 1.15 1.16 1.16
Density (g/cm3) 3.15 2.21 2.05 2.29 2.17
Table 1. Physical properties comparison of cement, and Počerady, Mělník, Ledvice, and Dětmarovice fly ashes.
to Araldite 2020/B hardener with two drops of Xylen
solution in a 50 ml solution of 1:3 epoxy to hardener
ratio. The epoxy-hardener mixture added with the
specimens of fly ashes was heated to 40 °C for 2 min
to give the mixture a lower viscosity, thereby ensuring
thorough penetration into the pores of the specimen.
Then, to remove air bubbles from the samples, they
were vacuum impregnated at 0.17 bar pressure for
2 hours in a Struers Citovac vacuum impregnation
machine. Following impregnation, the specimens were
left for hardening at a temperature of 40 °C for 24
hours. The specimens were then cut to the required
size and were diamond polished on Struers, Tegramin-
25. To avoid charging of the specimens under electron
beam of field emission scanning electron microscope,
the specimens were carbon coated to a thickness of
12.8nm with Quorum Q150R ES pumped sputter car-
bon coater. To distinguish the nature of individual fly
ash particles, grey images obtained from field emis-
sion scanning electron microscope were transformed
into pseudo-coloured images in five different colors
by using the color difference observed on the original
images in software developed using C++ computer
language to calculate the percentages of particles with
similar nature.
2.3. XRF analyses and LOI
An ARL 9400 XP sequential WD-XRF spectrometer
was used to perform XRF analysis. It was equipped
with Rh anode end-window X-ray tube type 4GN fit-
ted with 50µm Be window. All peak intensity data
were collected by WinXRF software in vacuum. The
generator settings-collimator-crystal-detector combi-
nations were optimised for all 31 measured elements
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with analysis time of 6s per element. The obtained
data were evaluated by standardless software Uniquant
4. The analysed powders were pressed into pellets
of about 5mm thickness and with a diameter of 40
mm without any binding agent for the fly ashes from
Ledvice, Dětmarovice, and Počerady power plants.
The pellets of these fly ashes were covered with 4 µm
supporting polypropylene (PP) film. However, the fly
ash particles from Mělník did not stick together and
therefore methacrylate was used as binding agent to
bind the particles for analyses. The pellet for fly ash
from Mělník was measured for XRF analyses without
4 µm supporting polypropylene (PP) film due to the
use of binding agent. The time of measurement for
each sample was kept at about 15 min to accurately
determine the concentration of the elements and their
oxides. The loss on ignition (LOI) method was used
to estimate the content of un-burnt carbon in the sam-
ples. For trial purposes initially one fly ash sample
was heated at 1000 °C for 1 h and the loss of weight
was estimated. Subsequently the same sample was
heated at 1200 °C for 1 h and very little change of
mass was observed, therefore all measurements for
LOI were carried out at 1200 °C for 1 h.
3. Results & discussion
3.1. Physical properties
Particle size influences the quality and efficiency of
the materials considerably [22]. So, considering this
aspect, particle size analysis was carried out on parti-
cle size analyser and the results are shown in Fig. 1.
Measures of central tendency were calculated as shown
in Tab. 1. It can be seen from Tab. 1 that the median
diameter, d50, for cement is considerably smaller than
that of fly ashes, indicating smaller particle size of ce-
ment particles. Fly ashes from Ledvice and Počerady
show a higher median diameter compared to fly ashes
from Dětmarovice and Mělník, which shows that fly
ashes from Ledvice and Počerady have a significantly
large amount of coarse particles compared to that
of fly ashes from Dětmarovice and Mělník. Ninety
seventh diameter, d97 is a useful industrial measure
to find the upper limit of particle sizes of fine pow-
ders [23]. It can be seen from Tab. 1 that d97 of
cement is more than three times lower than that of
fly ashes, and fly ashes from Ledvice and Počerady
show a higher upper limit diameter compared to Dět-
marovice and Mělník, indicating that even the upper
limit diameter of these particles is more. Therefore,
particles are coarser in Ledvice and Počerady fly ashes
compared to Dětmarovice and Mělník fly ashes. Led-
vice and Počerady fly ashes also show more values
for the span d90 − d10, which indicates that these two
fly ashes have very fine micro size particles to large
size particles of several hundred micrometres, whereas
Dětmarovice and Mělník fly ashes have comparatively
smaller spans, indicating that larger size particles are
not present in them, while Portland cement particles
show comparatively much less span compared to fly
ashes. The differences in the particle size distribution
of fly ashes can be attributed either to the differences
in the coal source or the electrostatic precipitator at
which they were captured. Usually there are three
to four hoppers in an electrostatic precipitator for fly
ash removal from particulate laden flue gas. When
this flue gas is introduced from the inlet to the pre-
cipitator, firstly the larger sizes particles are collected
at the first hopper which is close to the inlet while
the smallest sizes particles are collected at the hopper
which is away from the inlet. The end product of
fly ash collected from the hoppers of the precipitator
usually contains a mix of particles from each hopper.
Because of this the particle size of the end product is
significantly affected by the amount of particle sizes
mixed from each hopper [24]. However, as the fly
ashes used here are from different coal sources, if the
fly ash capturing process is assumed to be the same
for all the fly ashes, then the governing factor which
influences the size of particles can be either attributed
to the coal type or the combustion temperature inside
the boiler. The percentile ratio d90/d10 values shown
in Tab. 1 are often used to characterize particles [25].
It can be seen here that cement and fly ashes have
d90/d10 values very close to each other, except for
the Dětmarovice fly ash, which shows a very high
value compared to the other fly ashes and cement.
According to the classification of Merkus based on
d90/d10 [26], the cement and fly ashes from Počerady,
Ledvice, and Mělník are broad ranged while the fly ash
from Dětmarovice is very broad ranged. Coefficient
of uniformity (Cu) and coefficient of curvature (Cc)
were measured according to ASTM D-2487 [27], which
shows that fly ash from Dětmarovice has Cu > 6, Cc
between 1 and 3, therefore classified to be well graded,
whereas cement and the other fly ashes don’t satisfy
this criterion and are classified as poorly graded. The
density of fly ash particles varies significantly from
particle to particle based on composition, porosity
and entrapped gas bubbles within the particles [28].
It can be seen in Tab. 1 that fly ash from Mělník has
the lowest value of density in the fly ashes and fly
ash from Dětmarovice has the highest value of den-
sity in fly ashes, whereas cement in general has much
higher density compared to that of fly ashes. There
can be various reasons for the lower density of fly ash
from Mělník, lower particle size compared to other
fly ashes can be regarded as one of the reasons, and
the large amount of entrapped gas bubbles forming
more cenospheres can be another factor for the lower
value of density. Vice versa is true for fly ash from
Dětmarovice, which shows much higher value of den-
sity. On the other hand, the morphology of cement
is different from fly ashes and has a higher particle
density as compared to fly ashes, as also observed
by [24].
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3.2. Morphological properties
Measurements of particle sizes carried out by particle
size analyser make the assumption that particles are
spherical in shape and the diameters reported in the
results are equivalent spherical particle diameters [29].
However, particles of fly ash can have several different
shapes based on the combustion process and, type of
coal [11, 12], therefore microscopic examination was
carried out to determine the morphology of the fly ash
particles. Field emission electron microscopic images
at 75× magnification were observed for the fly ashes
from Počerady, Mělník, Dětmarovice, and Ledvice,
as shown in Fig. 2. It is observed in Fig. 2 that all
fly ashes consist of spherical, and slaggy particles.
Moreover, some brighter particles were also observed.
However, at 75× magnification, the particle morphol-
ogy cannot be clearly observed. Therefore, to observe
the particle morphology clearly, FE-SEM images were
captured at 500× magnification, as shown in Fig. 3.
It can be seen clearly in Fig. 3 that fly ashes consist
of hollow spherical, solid spherical, porous spherical,
bright particles, porous slaggy, and compact slaggy
particles of micron, submicron and ultrafine size par-
ticles. It can further be observed that the particles of
fly ashes from Počerady and Ledvice are porous, show-
ing porosity in slaggy as well as spherical particles,
whereas the particles of Mělník, and Dětmarovice are
more compact, less porous, and more rounded com-
pared to the particles of Počerady and Ledvice. The
reason for differences in the particles of fly ashes is due
to the rank of coal from which the fly ashes were com-
busted, or the differences in combustion temperature,
or a combination of both. The finer the particles of fly
ash, the higher the specific surface area, the better is
the quality/rank of coal, which shows a larger amount
of rounded particles and the higher the combustion
temperature, the more rounded fly ash particles are
formed [30]. Based on this, the fly ashes from Mělník;
and Dětmarovice are classified as originating from
a comparatively high-rank coal or burned at higher
temperature, or either of these as compared to that
of fly ashes from Počerady and Ledvice. The origin of
porous particles in the fly ashes is influenced highly by
the coalification process of coal. In this process, water
is absorbed in plant remains and clay minerals to form
coal. When the coal is spontaneously combusted in
coal-fired thermal power-plant, this absorbed water
is then immediately released, hence producing porous
particles in fly ashes [31]. Hollow spherical particles
seen in the fly ashes can be identified as cenospheres,
which have been investigated by [32, 33]. The com-
pact particles in fly ashes can be attributed to those
particles of coal which contain very little absorbed
water in them, which when combusted produced the
compact fly ash particles. The slaggy fly ash particles
are produced as a result of either low combustion
temperature, or these particles were exposed to the
combustion process for a short duration. In Fig. 3b
for fly ash from Mělnik it can be seen that it contains
a large diameter of bright sphere filled with more
spherical particles in them. Such a type of sphere
filled with spheres is called ferro-pleurospheres. It
can also be seen here that both pleurospheres and
a large number of cenospheres exist together in this
specimen. The occurrence of both cenospheres and
pleurospheres in the same sample of fly ash suggests
that some cenospheres transform into secondary pleu-
rospheres through a three-staged process described
by [34]. This states that firstly stable cenospheres
form due to the evolution of gas bubbles. Secondly,
due to high temperature during combustion, collisions
occur between particles which rupture the shell of
the cenosphere, and finally the ruptured cenosphere
is impregnated with microspheres to form secondary
pleurospheres. However, from Fig. 3b it is seen that
the shell of the ferrospheres is bright, which indicates
that cenospheres also contains bright patches possibly
rich in Fe. These cenospheres having Fe rich patches
on them, when collide with other slaggy particles dur-
ing secondary pleurospheres formation, this raptures
the cenospheres, forming ferro-pleurospheres.
3.3. Chemical Properties using EDX
total area and XRF analyses
The maximum area at lowest possible magnification
was selected in FE-SEM images of Fig. 2, and EDX
analysis was carried out for thirty one possible ele-
ments which are known to be present in fly ashes, for
which the results are presented in Tab. 2. ASTM C
618 defines fly ash to be Class F if it contains at least
70% of SiO2 +Al2O3 +Fe2O3 [35] and according to
this definition the fly ashes from Počerady, Mělník,
Dětmarovice, and Ledvice are classified as Class F fly
ashes. It can also be seen that all the fly ashes contain
Si and Al in large amounts followed by Fe, Ca, K, Ti,
Na, Mg, P, and Zr and various other trace elements
like Bi, S, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, Ge, As,
Se, Rb, Sr, Y, La, Ce, and Hg, as also determined
by [36–38]. The fly ash from Počerady shows a high
Si content and low Fe content compared to other fly
ashes, which also indicates that Si is being replaced
by Fe content in these fly ashes. The fly ash from
Počerady is also rich in Na, Zr, Ni, and Zn. The fly
ash from Dětmarovice contains a higher content of K,
Ca, Fe, Mg, Ga, and Ge compared to the other fly
ashes, and the fly ash from Mělník is rich in Ti, P,
Ba, V, Mn, Co, Cu, As, Sr, La, and Ce compared to
the other fly ashes. The differences in composition of
elements in fly ashes can primarily only be attributed
to the differences in the coal source. The elements
oxygen and carbon are also known to be present in the
tested specimens [15], but they have been excluded
from the given EDX analyses because the preparation
of samples usually absorbs the excessive amount of
oxygen which if included in the analyses would lead to
a wrong estimation of its content. During the prepa-
ration of the samples for electron microscope, the
samples were coated with carbon, to avoid charging
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(a) (e)
(b) (f)
(c) (g)
(d) (h)
Figure 2. Field Emission Electron Microscopic images of fly ashes from (a) Počerady, (b) Mělník, (c) Dětmarovice,
(d) Ledvice, at 75 X magnification, and transformed Pseudo-coloured images of fly ashes from (e) Počerady, (f)
Mělník, (g) Dětmarovice, (h) Ledvice at 75× magnification.
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(a) (e)
(b) (f)
(c) (g)
(d) (h)
Figure 3. Field Emission Electron Microscopic images of fly ashes from (a) Počerady, (b) Mělník, (c) Dětmarovice,
(d) Ledvice, at 500 X magnification, and transformed Pseudo-coloured images of fly ashes from (e) Počerady, (f)
Mělník, (g) Dětmarovice, (h) Ledvice at 500× magnification.
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Table 2. Comparison of chemical compositions of fly ashes from Počerady, Mělník, Dětmarovice, and Ledvice using
EDX total area analyses, XRF analyses, and individual particle EDX analyses. Legend: (∗) Total area EDX elemental
analysis; (†) XRF oxides analysis; (‡) Individual particle EDX elemental analysis.
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Fig. 4 Ternary phase diagrams between (a) Si-Al-Fe and (b) Si-Al-Ca from EDX analyses of images of FE-SEM of Fig. 3 
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Fig. 4 Ternary phase diagrams between (a) Si-Al-Fe and (b) Si-Al-Ca from EDX analyses of images of FE-SEM of Fig. 3 
 
 
 
 
 
 
 
 
 
 
Figure 4. Ternary phase diagrams between (a) Si–Al–Fe and (b) Si–Al–Ca from EDX analyses of images of FE-SEM
of Fig. 3.
under electron microscope. Because of the carbon
coating of the specimens, carbon is excluded from the
analyses as it would lead to inappropriate determina-
tion of its content if included in the analyses. A minor
effect of some other elements might be present in the
analyses because of the inorganic epoxy resin but as
the same epoxy resin was used in all the specimens, for
comparison purposes the results are accurate. From
EDX analyses, the oxide composition of elements and
un-carbon content of fly ashes were not determined,
therefore XRF analyses were carried out for which the
results are shown in Tab. 2. It can be seen here that
all fly ashes have SiO2 + Al2O3 + Fe2O3 more than
70% which again according to ASTM C618 classifies
them as Class F fly ashes. [35] The main difference
observed from the comparison of total area EDX and
XRF analyses in Tab. 2 is in the composition of Al and
Al2O3 where it can be seen for all fly ashes that the
percentage of Al2O3 from XRF analysis is about 10%
more as compared to the percentage of Al from total
area EDX analysis, and more effect on the percentage
of Si was observed, which was reduced in turn and
the effect was distributed on other elements as well
in small amounts. This shows that oxide of alumina
(Al2O3) exists in high amount in fly ash as compared
to oxides of other elements. It is further seen in XRF
analyses in Tab. 2 that in fly ashes from Počerady
and Ledvice the contents of CaO and Fe2O3 are low,
because of which the particles of these fly ashes are
more porous as compared to their contents in fly ashes
from Mělník and Dětmarovice. As un-burnt carbon
content was not determined using EDX analyses, to
determine the percentage of un-burnt carbon in fly
ash samples, the mass lost on ignition was determined
as shown in Tab. 2. It can be seen here that LOI
values for all fly ashes are very low, which shows that
they originated from sub-bituminous coal [39] and it
is unlikely that they would affect the properties of
overall fly ash product. However, among all the fly
ashes, fly ash from Dětmarovice shows a relatively
high value of LOI, which means a higher amount of
un-burnt carbon is present in it, which can affect its
density slightly, but on the other hand it also has
relatively high contents of Fe, and therefore it has
more density as compared to other fly ashes.
3.4. EDX individual particle analyses
The individual particles of Fig. 3 were analysed by
EDX analyses for the elements; Si, Al, Fe and Ca, as
they are present in large percentages, as compared to
other elements, as identified by the results of Tab. 2.
Where necessary, small area analyses were used, and
where particle detail was considerably small, point
analyses were employed. The ternary Diagrams were
plotted between the elements of Si–Al–Fe and Si–Al–
Ca by calculating the ratios of percentages of three
elements relative to each other from the results of the
EDX analyses as shown in Fig. 4. In Fig. 4a,b Si was
seen to vary from 0.5 to 0.95 for all the individual ele-
ments of the fly ashes, which showed that the majority
of the fly ash particles are glassy in nature. However,
in Fig. 4a it can also be seen that the bright particles
seen in these images showed 0.1 to 0.98 ratio of Fe
in them, and as the ratio of Fe increased in particles,
the ratio of Si decreased, but simultaneously the ratio
of Al decreased at a higher rate. As the ratio of Fe
increased, the nature of the particles changed from
glassy to glassy-metallic to metallic-glassy to pure
metallic. On the other hand, Fig. 4b shows that the
particles which are rich in Ca have a smaller ratio of
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Fig. 5 Box and whisker plots for chemical composition of fly ashes from (a) Počerady, (b) Mělník, (c) Dětmarovice, (d) Ledvice 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Box and whisker plots for chemical composition of fly ashes from (a) Počerady, (b) Mělník, (c) Dětmarovice,
(d) Ledvice.
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Fig. 6 Si/Al vs Al for individual particles of Fig. 3 for fly ashes from (a) Počerady, (b) Mělník, (c) Dětmarovice, 
and (d) Ledvice 
 
 
 
 
Figure 6. Si/Al vs Al for individual p rticles of Fi . for fly ashes from (a) Počerady, (b) Mělník, (c) Dětmarovice,
and (d) Ledvice.
Ca as compared to Fe-containing particles. Fig. 4a
shows that as the Ca is increasing, particles change
from glassy to glassy-calcite in nature, but pure calcite
particles are not observed in the analyses.
Fig. 5a–d shows the box and whisker plots for per-
centages of each element present in the fly ashes from
Počerady, Mělník, Dětmarovice, and Ledvice which
show the minimum, lower quartile, median, upper
quartile, and the maximum values of percentage of
data of each element. It can be seen here clearly
from box and whiskers plots that the percentages of
elements in the fly ashes vary considerably, and the
percentage of each element has a scattered set of data,
which has a range of values in it. The range of percent-
ages of Na is wider in the fly ashes from the Počerady
and Ledvice fly ashes as compared to the Mělník and
Dětmarovice fly ashes, and vice versa is observed for
the percentages of Mg, in which it is seen that the
Mělník and Dětmarovice fly ashes; show more range
of percentages of Mg, while less range is observed for
Počerady and Ledvice. The fly ash from Počerady
shows a high variation in the values of Si, compared
to the other fly ashes with high median value, which
makes high Si containing particles of the fly ash from
Počerady more active for pozzolanic reaction. How-
ever, the fly ashes from Mělník and Dětmarovice show
a high range of values of Ca, which indicates that
they possess particles with high Ca content in them
with more median values as compared to fly ashes
from Počerady and Ledvice. This again indicates that
a lack of Ca in fly ash particles makes them more
porous and less dense. Moreover, being rich in Ca,
the fly ashes from Mělník and Dětmarovice, also pos-
sess better self-cementing properties as compared to
the fly ashes from Počerady and Ledvice. High levels
of titanium can be seen in the particles of the fly ashes
from Mělník and Dětmarovice, which might also be
responsible for the compactness of the particles. The
fly ash from Dětmarovice also shows high levels of
content of heavy metals, such as Ga, As, Rb, Sr, Y,
Zr, Ba, La, Ce, Hg, and Pb, compared to the other
fly ashes, which can primarily be attributed to the
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source of coal of the fly ash from Dětmarovice, which
is known to be from a mix of black and brown coal
deposits.
A comparison between the total area EDX elemental
analysis, the XRF oxide analysis, and the individual
particle EDX elemental analysis is shown in Tab. 2.
Here EDX individual particle analyses show the val-
ues of the median, mean, and the standard deviation
for percentage data of each element present in the
fly ashes. The standard deviation usually presented
in conjunction with the mean, determines how much
a value in the data varies from the mean, and it is
the most widely acceptable measure of dispersion, be-
cause it takes into consideration each variable in the
data [40]. The value of the standard deviation is large,
when values are spread apart from each other, and
when values in a data set are tightly bound to each
other, the value of the standard deviation is low [40].
It can also be seen in Tab. 2 that the values of the
total area EDX analyses; and the XRF analyses are
very close to the median values of the EDX individual
particle analyses, except for the values of Al2O3 in the
XRF analyses which are high as compared to Al in
the EDX analyses because the oxide of alumina exists
in high amount. It can be seen further here that the
standard deviation of almost all the fly ash particles is
quite large as compared to their mean percentages in
which specifically the standard deviation percentages
of Si, Al, and Fe are very high, because the mean
percentages of these elements are also high. This
means that the data of percentages of each element
in each fly ash varies a lot, and the higher the mean
percentage of elements in fly ash, the higher its stan-
dard deviation from the mean. This is because of the
different nature of individual particles present in the
fly ashes, in which some are glassy particles, having
high Si and, Al contents and some are ferro-metallic
particles rich in Fe, and very low in Si and Al.
Graphs were plotted for Si/Al versus Al, and the
linear regression equations and their correlation coeffi-
cients were calculated, as can be seen in Fig. 6. From
the results of individual analyses of fly ash particles it
was seen that a majority of fly ash particles showed
contents of Si > 50%, and Al > 20%, and the linear
equations obtained for all fly ashes are nearly the same
as those obtained by [41]. The brighter particles with
a spherical shape were an exception to this, as they
showed high contents of Fe. The fly ashes from Mělník
and; Dětmarovice showed a high correlation coefficient
which means that a stronger relationship between Si
and Al exists between the particles of these fly ashes as
compared to the Počerady and Ledvice fly ashes. The
reason for the stronger relationship between Si and
Al for Mělník and Dětmarovice fly ashes is that the
particles of these fly ashes are compact as compared
to the other two fly ashes. Moreover, the particles
of the fly ashes from Počerady and Ledvice show a
lower Fe content per particle compared to the fly ashes
from Mělník and Dětmarovice, which is the cause of
more porosity of the particles from the Počerady and
Ledvice fly ashes.
3.5. EDX analyses of Magnetospheres
Magnetospheres or ferrospheres are known to be
present in fly ashes from 0.5 to around 18% [42]. It
can be seen from Tab. 2 that fly ashes from Počerady,
Mělník, Ledvice, and Dětmarovice show a Fe content
from 1.35% up to 7.22% but the actual content of
the magnetospheres can only be found by separating
these particles from fly ashes as carried out by [43].
Magnetospheres found in fly ash are formed from iron
minerals in boilers of power plants as a result of rapid
heating with melting of constituents [44]. The bright
particles seen in the fly ashes were closely focussed
in FE-SEM at magnifications of 1500× as shown in
Fig. 7. Point analyses were carried out on FE-SEM
images of Fig. 7, and only the results of two analyses
of each fly ash for thirty elements are shown in Tab. 3.
The phenomenon of higher porosity of particles of
the Počerady and Ledvice fly ashes can also be seen
in their magnetospheres. It can be seen from Fig. 7
that the magnetospheres of the Počerady and Led-
vice fly ashes are porous, having hollow areas, while
the magnetospheres of the fly ashes from Mělník and
Dětmarovice are compact. For the Počerady fly ash,
spectrum 1 shows a Fe content of around 80.78%, and
a Si and Al contents of 1.02 and 4.86%. However, for
spectrum 2, the Fe content is 27.78%. Si, Al contents
of 26.18, 31.94% are found and a similar trend is
seen for the other three fly ashes. Here EDX analyses
reveal that magnetospheres have a glassy matrix rich
in Fe on which metallic brighter regions of high Fe
content can be found, which represent zones of very
high Fe concentration, and these zones of high iron
concentration vary in size for all four types of the fly
ashes, as also determined by [43]. Moreover, it can
also be seen that the zone of high Fe concentration has
comparatively very high contents of Mg and slightly
high contents of heavy metals compared to the inner
glassy zone for all four fly ashes. It can further be
seen from Tab. 3 that Spectrum 1 of Počerady is rich
in Cr, Co, Ni, Ge, Sr, Y, Ba, La, Pb, Bi compared to
Spectrum 2, which is also true for the other three fly
ashes. On the other hand, the glassy zone of Mělník
and Dětmarovice is comparatively very rich in Ca
but slightly rich in Ca for the fly ashes of Počerady
and Ledvice. This indicates that the magnetospheres
from fly ashes of Počerady and Ledvice are porous
due to having a lower Ca content, while Mělník and
Dětmarovice fly ashes having very high Ca contents
shows compact magnetospheres where no hollow areas
are observed.
3.6. Transformed pseudo-coloured
images
Pseudo-coloured images were transformed from the
grey FE-SEM images as shown in Figs. 2, 3, and 7 us-
ing software based on C++ computer language, which
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(a) (e)
(b) (f)
(c) (g)
(d) (h)
Figure 7. Original FE-SEM images for Magnetospheres observed in fly ashes from (a) Počerady, (b) Mělník, (c)
Dětmarovice, (d) Ledvice at 1.50 KX magnifications, and transformed Pseudo-coloured images of fly ashes from (e)
Počerady, (f) Mělník, (g) Dětmarovice, (h) Ledvice at 1500× magnification.
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Element Počerady Mělník Dětmarovice Ledvice
Sp. 1 Sp. 2 Sp. 361 Sp. 362 Sp. 1 Sp. 4 Sp. 1 Sp. 2
Na 5.51 3.53 1.78 1.14 2.95 0.96 1.27 1.14
Mg 4.32 3.64 18.14 3.16 21.38 7.66 3.47 2.58
Al 4.86 31.94 10.64 9.86 8.38 5.18 11.88 21.55
Si 1.02 26.18 3.13 20.76 1.04 35.57 9.82 34.23
P 0 1.02 0.02 1.88 0.08 0.8 0.2 0.38
S 0.09 0.55 0 0 0 0 0 0
K 0 0.83 0.02 0.12 0.1 0.11 0.11 0.79
Ca 0.15 2.11 4.77 36.47 0.87 36.7 0.67 2.05
Ti 0.43 0.92 0 0.37 0.04 0.32 1.03 1.67
V 0 0.07 0.16 0 0.11 0.11 0 0.09
Cr 0.04 0 0.03 0.03 0 0.08 0.06 0
Mn 0.5 0.58 1.45 0.54 0.28 0.06 0.33 0.34
Fe 80.78 27.78 58.15 24.91 62.99 11.24 70.02 33.13
Co 0.95 0 0.26 0.17 0.27 0 0.2 0
Ni 0.17 0.12 0.11 0.05 0.14 0.08 0.09 0.18
Cu 0 0 0 0 0.04 0.05 0.04 0.02
Zn 0 0.13 0.12 0.1 0.06 0.05 0 0
Ga 0 0 0 0 0 0 0.08 0
Ge 0.04 0 0.2 0 0 0 0 0
As 0 0 0 0.16 0.1 0 0.17 0
Se 0 0 0.16 0.09 0 0.07 0.3 0.04
Rb 0 0 0 0 0.18 0 0 0.01
Sr 0.06 0 0 0 0 0.18 0 0.04
Y 0.09 0.03 0 0 0 0.23 0 0.27
Zr 0 0 0.09 0.18 0.11 0.18 0 0.71
Ba 0.21 0.11 0.06 0 0.46 0.04 0 0.11
La 0.18 0.08 0.11 0 0.12 0 0 0
Ce 0.09 0.14 0.08 0.01 0 0.11 0 0
Hg 0 0.24 0 0 0 0 0.14 0
Pb 0.37 0 0.44 0 0.3 0.19 0 0.67
Bi 0.14 0 0.08 0 0 0.03 0.12 0
Table 3. Chemical analyses of magnetospheres from fly ashes of Počerady, Mělník, Dětmarovice, and Ledvice.
recognizes the changes in colour in grey images. It
gives different colours to the different areas present in
the images and calculates the respective percentage of
abundance of a certain colour in the images. In these
pseudo-coloured images, regions were differentiated
into different categories and colours, based on the re-
sults of spectrums obtained from the EDX individual
particle analyses. In these images, blue colour repre-
sents the solution of the hardener and epoxy resin that
was used in preparing the samples, green colour repre-
sents the alumino-silicate glassy calcite ferro-metallic
regions, purple colour represents the ferro-metallic
alumino-silicate glassy regions, red colour represents
the high ferro-metallic regions, and white colour repre-
sents the pure ferro metallic regions. The percentages
of different coloured regions calculated from the im-
ages of Figs. 2, 3, and 7 are presented in Tab. 4a. This
shows that the blue colour or the solution of hardener
and epoxy resin represents around 75% of the area
of all samples of Fig. 2 and around 21% of the area
of samples is covered with glassy particles, whereas
about 4% of the remaining area is metallic. While the
percentages from the pseudo coloured images of Fig. 3
show 56–76% of solution of hardener and epoxy in
blue colour, more glassy particles are observed for the
Počerady fly ash, but it depends on the region that is
magnified in the electron microscope to take the image.
However, for Fig. 7, the percentage of the metallic
part is very high, and a high percentage of red regions
representing the high ferro-metallic regions is observed
for the fly ashes from Počerady and Ledvice. It can
also be seen also in pseudo coloured images of Fig. 7
that all the images that show red colour have high
ferro-metallic regions on the circular boundary, and
around the regions with hollow areas. Further, it is
seen here that red and white regions of high and pure
ferro-metals are present significantly more in particles
having porosity in them, as also seen in the results of
Tab. 3. Tab. 4b was prepared by taking the ratios of
green, purple, red, and white areas among themselves
by excluding the percentages of blue regions to ex-
clude the effect of epoxy resin and hardener solution.
It can be seen here that green regions representing
the glassy alumino silicate particles are present up to
278
vol. 56 no. 4/2016 Determining the Role of Individual Fly Ash Particles
Colour Počerady Mělník Dětmarovice Ledvice
From Fig. 2 at 75×
Blue 74.32 74.46 73.79 75.39
Green 21.45 21.5 21.42 21.64
Purple 3.63 2.65 3.64 2.37
Red 0.54 1.39 0.83 0.6
White 0.06 0 0.32 0
From Fig. 3 at 500×
Blue 56.64 76.56 64.57 77.64
Green 33.37 15.18 26.87 13.66
Purple 7.4 6.07 8.14 5.7
Red 2.35 2.19 0.36 3
White 0.25 0 0.05 0
From Fig. 7 at 1500×
Blue 46.52 44.28 42.08 58.32
Green 16.16 31.56 34.61 19.7
Purple 28.54 23 23.2 16.91
Red 7.8 0.91 0.11 3.95
White 0.97 0.25 0 1.12
(a)
Colour Počerady Mělník Dětmarovice Ledvice
From Fig. 2 at 75×
Green 83.54 84.2 81.72 87.94
Purple 14.12 10.38 13.89 9.64
Red 2.11 5.43 3.18 2.42
White 0.23 0 1.2 0
From Fig. 3 at 500×
Green 76.94 64.77 75.85 61.06
Purple 17.07 25.88 22.98 25.51
Red 5.41 9.35 1.02 13.43
White 0.58 0 0.15 0
From Fig. 7 at 1500×
Green 30.23 56.65 59.75 47.27
Purple 53.37 41.27 40.05 40.56
Red 14.58 1.63 0.19 9.48
White 1.82 0.45 0 2.69
(b)
Table 4. Calculation of colour in pseudo-coloured images defining the nature of particles of fly ashes, (a) percentage
of colours in transformed pseudo-coloured images, (b) ratios of percentage in-between colours excluding blue colour.
85% in fly ashes and the metallic regions containing
the alumino silicates and the pure metallic regions
are about 15% with little variations observed in the
fly ashes. A similar observation can be made for the
percentages of colours from Fig. 3, which again shows
that the majority of the fly ash particles have a glassy
alumino silicate nature. The percentages of colours
for Fig. 7 show that a high amount of metallic con-
tent is present together with a glassy phase in the
magnetospheres, and patches of higher ferro-metallic
particles are present upon the magnetospheres which
have porosity in them and are hollow. The amount of
the glassy phase recorded from Fig. 7 in Tab. 4b also
contains colour percentages of adjacent particles with
the magnetospheres, which increases the percentage
of the green regions representing the glassy phase.
4. Conclusions
Individual fly ash particles affect the properties of
the fly ashes considerably, and to observe the varia-
tion in these properties, it is essential to use these
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fly ashes more efficiently to increase their utilization.
Therefore, in this research physical and morphologi-
cal properties of particles of the four fly ashes were
analysed to determine the size and type of particles
present in these fly ashes. Then, the nature of indi-
vidual fly ash particles was determined using ternary
phase diagrams and using pseudo coloured images,
which were transformed from grey FE-SEM images.
To determine the scattered nature of the data, the box
and whisker diagrams were plotted from the results
of the EDX individual particle analysis. Moreover,
to find a more realistic method for determining the
chemical composition of the fly ashes, a comparison
was made between the XRF, the total area EDX, and
the EDX individual particle analyses, which led to
the following conclusions:
(1.) The fly ashes from Ledvice and Počerady showed
high values of median diameter, which indicates a
large number of coarse slaggy particles in them as
compared to the other two fly ashes. The fly ash
from Mělník showed low density in comparison to
the other fly ashes, which is due to a high concentra-
tion of entrapped gas bubbles forming cenospheres
in it, as compared to the other fly ashes. The fly ash
from Mělnik can therefore be used for recovery of
hollow spherical particles by wet or dry separation
methods.
(2.) The FE-SEM images showed that the fly ashes
from Počerady and Ledvice showed more porous
particles in them, due to sudden escape of water
from pores of coal during combustion, as compared
to the fly ashes from Mělník, and Dětmarovice.
From the EDX individual particle analyses, it was
determined that lack of Ca in the particles makes
them more porous.
(3.) The ternary phase diagrams of Si-Al-Fe showed
that the nature of the fly ash individual particles
changes from glassy to glassy-metallic to metallic-
glassy to pure metallic, and the Si-Al-Ca ternary
diagrams showed that the nature of the particles
changes from glassy to glassy-calcite with an ab-
sence of pure calcite particles.
(4.) The transformed pseudo coloured images showed
that the nature of the fly ash individual particles
changed from the alumino-silicate glassy calcite
ferro-metallic regions to the pure ferro metallic re-
gions, and high percentages of the glassy regions
were observed as compared to metallic regions. On
the other hand, in the magnetospheres, high per-
centages of the ferro-metallic regions were observed,
while the pure ferro-metallic regions were observed
in porous particles.
(5.) Box and whisker plots showed the scattered na-
ture of data from the median percentages of each
element, which showed that in all the fly ashes per-
centages of Si, Al, and Fe are more scattered as
compared to the other elements, and Ca percentage
is more scattered in the fly ashes from Mělnik and
Dětmarovice, which have compact particles. This
shows that these two fly ashes possess self-cementing
properties and are better to be used in cementitious
applications.
(6.) Box and whisker plots developed for fly ashes in
this research can be used by the industries desir-
ing recovery of certain elements from fly ashes to
determine possible economic considerations for the
recovery of any element present in these four fly
ashes. The concept of box and whisker plot diagram
based on the EDX individual area analyses can be
extended to any fly ash to determine the variation
in chemical composition present in fly ashes, for
rare elements recovery, or for other applications of
the fly ashes.
(7.) It is established in this research that the XRF,
and the EDX total area analyses only provide the
average values of elements, or element oxides present
in the fly ashes. On the other hand, the EDX indi-
vidual particle analysis, is a more realistic chemical
analysis method, which provides standard devia-
tion values along with the mean percentages of each
element present in the fly ashes, from which the
variation present in the data can easily be identified.
Acknowledgements
The authors would like to thank the University Centre
for Energy Efficient Buildings, Czech Technical University
in Prague, Třinecká 1024, 273 43 Buštěhrad for provid-
ing support for this research under the project UCEEB
(CZ.1.05/2.1.00/03.0091) by ERDF and MŠMT ČR.
References
[1] Wee JH. A review on carbon dioxide capture and
storage technology using coal fly ash. Appl Energy
2013;106:143–51.
[2] International Energy Statistics, 2011. US Energy
Information Administration. http:
//www.eia.gov/cfapps/ipdbproject/iedindex3.cfm
[3] R.S. Blissett, & N.A. Rowson, A review of the multi-
component utilization of coal fly ash, Fuel 2012;97:1–23.
[4] The Coal Resource: A Comprehensive Overview of
Coal, World Coal Institute,
http://www.worldcoal.org, sighted 25 Nov 2015.
[5] Feuerborn, H.J., Coal combustion products in Europe
e an update on production and utilization,
standardisation and regulation. World Coal Ash
Conference, 2011, Dever, CO, USA
[6] World Energy Resources: Coal World Energy Council
2013, https://www.worldenergy.org/wp-content/
uploads/2013/10/WER_2013_1_Coal.pdf, sighted 25
Nov 2015
[7] Lior, N., Sustainable energy development: the present
2009. Situation and possible paths to the future. Energy
35, 2010
[8] Alorro, R.D., Hiroyoshi, N., Ito, M., Tsunekawa, M.,
Recovery of heavy metals from MSW molten fly ash by
CIP method. Hydrometallurgy 97, 2009, 8–14.
280
vol. 56 no. 4/2016 Determining the Role of Individual Fly Ash Particles
[9] R.S. Blissett, N. Smalley, N.A. Rowson, An
investigation into six coal fly ashes from the United
Kingdom and Poland to evaluate rare earth element
content, Fuel 119, 2014, 236–239
[10] Ram Singh, Laxman Singh, Satya Vir Singh,
Beneficiation of iron and aluminium oxides from fly ash
at lab scale, International Journal of Mineral
Processing, 2015.
[11] Shueiwan H. Juang , Cheng-Shuo Xue, Investigation of
mechanical properties and microstructures of aluminum-
fly ash composite processed by friction stirring,
Materials Science & Engineering A 640, 2015, 314–319.
[12] A. Iordanidis, J. Buckman, A.G. Triantafyllou, A.
Asvesta, Fly ash–airborne particles from
Ptolemais–Kozani area, northern Greece, as determined
by ESEM-EDX, International Journal of Coal Geology
73, 2008, 63–73
[13] X. Querol, A. Alastuey, A. Lopez-soler, E. Mantilla,
F. Plana, Mineral composition of atmospheric
particulates around large coal-fired power station.
Atmospheric Environment 30, 1996, 3557–3572.
[14] Wadge A., Hutton M., Peterson P.J., The
concentrations and particle size relationships of selected
trace elements in fly ashes from U.K. coal-fired power
plants and a refuse incinerator, Science 54, 1986,
852–868.
[15] Barbara G. Kutchko , Ann G. Kim, Fly ash
characterization by SEM–EDS, Fuel 85, 2006, 2537–2544.
[16] Clark LB, Sloss LL. Trace elements – emission from
coal combustion and gasification. London: IEA Coal
Research; 1992. 111p
[17] G.F. Morrison, Understanding pulverised coal
combustion. ICTIS/TR 34, IEA Coal Research 46, 1986
[18] Coalification, World coal association,
http://www.worldcoal.org/coal/what-coal, sighted
26 Nov 2015.
[19] R. J. Camier, S. R. Siemon, and B. R. Stanmore,
Colloidal structure of Victorian brown coals, Fuel 1980;
59:331-334.
[20] D. G. Evans, The brown-coal/water system: Part 4
Shrinkage and drying. Fuel 1973; 53: 186 – 190.
[21] M. Gharebaghi, R. M. A. Irons, J. M. Jones, M.
Pourkashanian, A. Williams, Study of effect of oxycoal
combustion conditions on fly ash characteristics,
Journal of the Energy Institute 2011; 84:155-164.
[22] Horiba scientific, a guidebook to particle size
analysis, https:
//www.horiba.com/fileadmin/uploads/Scientific/
eMag/PSA/Guidebook/pdf/PSA_Guidebook.pdf, sighted
21 August, 2015
[23] Hosokowa micron powder systems,
http://www.hmicronpowder.com/products/product/
alpine-afg-fluidized-bed-jet-mill, sighted 21
August, 2015
[24] Seung Heun Lee, Hong Joo Kim, Etsuo Sakaib,
Masaki Daimon, Effect of particle size distribution of fly
ash–cement system on the fluidity of cement pastes,
Cement and Concrete Research 33, 2003, 763 – 768
[25] D. P. Horn , S. M. Walton, Spatial and temporal
variations of sediment size on a mixed sand and gravel
beach, sedimentary geology 2007; 202:509-528.
[26] H. G. Merkus, Particle size measurements,
fundamentals, practice, quality, Library of congress
control number: 2008941080, springer science, ISBN
978-1-4020-9015-8, 2009
[27] ASTM D2487 – 11, Standard Practice for
Classification of Soils for Engineering Purposes (Unified
Soil Classification System), ASTM International
[28] Sarbajit Ghosal and Sidney A. Self, Particle
size-density relation and cenosphere content of coal fly
ash, Fuel Vol 74 No. 4, pp. 522-529, 1995
[29] M. Hrncirova, J. Pospisil, M. Spilacek, size analysis
of solid particles using laser diffraction and sieve
analysis, Engineering mechanics, 2013;20:309–318.
[30] J. Wu, Y. Cao, W. Pan, W. Pan, Coal fired flue gas
mercury emission controls, ISSN 2197-0246, Energy and
Environment Research in China, ISBN
978-3-662-46347-5.
[31] Y. Fei, A. Abd Aziz, S. Nasir, W.R. Jackson, M.
Marshall, J. Hulston, A.L. Chaffee, The spontaneous
combustion behaviour of some low rank coals and a
range of dried products, Fuel 2009; 88:1650–1655
[32] Bertling J, Blömer J, Kümmel R Hollow
microspheres. Chem Eng Techno. 27(8), 2004 :829–37.
[33] Blanco F, Garcia P, Mateos P, Ayala J,
Characteristics and properties of lightweight concrete
manufactured with cenospheres, Cement and Concrete
Research 30, 2000, 1715 -1722
[34] F. Goodarzi, H. Sanei, Plerosphere and its role in
reduction of emitted fine fly ash particles from pulverized
coal-fired power plants, Fuel 88 (2009) 382–386
[35] ASTM C618-12a, Standard specification for coal fly
ash and raw or calcined natural pozzolan for use in
concrete, vol. 04.02. Pennsylvania: American Society for
Testing and Materials, Annual book of ASTM
Standards; 2012.
[36] J.G. Jang, Y.B. Ahn, H. Souri, H.K. Lee, A novel
eco-friendly porous concrete fabricated with coal ash
and geopolymeric binder: Heavy metal leaching
characteristics and compressive strength, Construction
and Building Materials 79, 2015, 173–181
[37] Jizhi Zhou, Simiao Wu, Yun Pan, Lingen Zhang,
Zhenbang Cao, Xiaoqiao Zhang, Shinichi Yonemochi,
Shigeo Hosono, Yao Wang, Kokyo Oh , Guangren Qian,
Enrichment of heavy metals in fine particles of municipal
solid waste incinerator (MSWI) fly ash and associated
health risk, Waste Management 43, 2015, 239–246
[38] Liping Qian, Minghai Ma, The decreased release of
heavy metals from fly ashes by adding alunite, Journal
of Molecular Liquids 198, 2014, 323–328
[39] P.K. Mehta, Testing and correlation of fly ash
properties with respect to pozzolanic behavior. Electric
Power Research Institute, Palo Alto, CA, Report
CS3314, 1994
[40] Library & learning support, University of surrey,
http://libweb.surrey.ac.uk/library/skills/
Number%20Skills%20Leicester/page_17.htm, sighted
20 April, 2016.
281
U. Haider, Z. Bittnar, L. Kopecký et al. Acta Polytechnica
[41] N.N. Anshits, O.A. Mikhailova, A.N. Salanov, A.G.
Anshits, Chemical composition and structure of the
shell of fly ash non-perforated cenospheres produced
from the combustion of the Kuznetsk coal (Russia),
Fuel 89, 2010, 1849–1862
[42] Sokol EV, Kalugin VM, Nigmatullina EN, Volkova NI,
Frenkel AE, Maksimova NV. Ferrospheres from fly ashes
of Chelyabinsk coals: chemical composition, morphology
and formation conditions. Fuel 81, 2002, 867–76.
[43] U. Blaha, B. Sapkota, E. Appel, H. Stanjek, W.
Rosler, Micro-scale grain-size analysis and magnetic
properties of coal-fired power plant fly ash and its
relevance for environmental magnetic pollution studies,
Atmospheric Environment 42, 2008, 8359–8370
[44] Vassilev SV, Menendez R, Alvarez D, Diaz-Samoano
M, Martinez-Tarazona MR. Phase-chemical and
chemical composition of coal fly ashes as a basis for
their multicomponent utilization. 3. Characterization of
magnetic and char concentrates. Fuel 83, 2004,1563–83.
282
